Inorganic nanoparticle cores are often coated with organic ligands to render them dispersible in apolar solvents. However, the effect of the ligand shell on the colloidal stability of the overall hybrid particle is not fully understood. In particular, it is not known how the length of an apolar alkyl ligand chain affects the stability of a nanoparticle dispersion against agglomeration.Here, Small-Angle X-ray Scattering and molecular dynamics simulations have been used to study the interactions between gold nanoparticles and between cadmium selenide nanoparticles passivated by alkanethiol ligands with 12 to 18 carbons in the solvent decane. We find that increasing the ligand length increases colloidal stability in the core-dominated regime but decreases it in the ligand-dominated regime. This unexpected inversion is connected to the transition from ligand-to core-dominated agglomeration when the core diameter increases at constant ligand length. Our results provide a microscopic picture of the forces that determine the colloidal stability of apolar nanoparticles and explain why classical colloid theory fails.
Introduction
The most common way to stabilize inorganic nanoparticles in apolar solvents is to coat them with sufficiently dense layers of molecules with apolar chains.
1-3 Nanoparticles made from noble metals (for instance Au, Ag, or Pt), 4 semiconductors (for instance CdSe, CdTe, or PbSe), 5 metal oxides (for instance Fe3O4, TiO2, or Al2O3), 6 and alloys (AuAg, AuCu, or FePt), 7, 8 have thus been coated with organic compounds 9 that lower their interfacial energy and add steric stabilization. 10 Suitable organic compounds include alkanethiols, 4 fatty acids, 6 other surfactants, 11 and polymers. 12 They require binding groups with sufficient affinity for the nanoparticle surface 13 that usually contain nitrogen, 14 oxygen, 15 phosphorus, 5 or sulfur (as in alkanethiols). 4 Coinage metal nanocrystals are often stabilized with alkanethiols or alkylamines, 4,16 less frequently with carboxylic acids, phosphines, or phos-phonates. 17, 18 Conversely, metal oxide nanoparticles are often coated with alkylamines or carboxylic acids, 6, 16 while all of the above classes of surfactant have been used to passivate semiconductor nanocrystals.
The resulting "ligand shells" have similarities to self-assembled monolayers, but the curvature and the typical facets of inorganic nanoparticles complicate the structure and dynamics of the ligand shell. Ligand molecules may bind to different nanocrystal facets at different densities, an effect that is important for the growth of anisotropic nanostructures in solution, 19, 20 while the high curvature of small particles leads to the "hairy ball effect", where the tails of the ligands have access to considerably more free volume than the head groups. Ligand shells are also more dynamic than sometimes envisioned; even simple alkanethiol coatings exhibit phase transitions where the shell changes from a more mobile disordered state to a less mobile ordered state where the ligands are aggregated into crystalline bundles.
21-25
Recent work indicates that this ability of the ligand shell to change its structure can result in interactions between nanoparticles that deviate substantially from those predicted by theoretical approaches which assume a uniform ligand density around the particles.
26-28
Simulations have shown that the interaction between particles in dispersion can change rapidly from repulsive to attractive as the ligands order, 24, 29 while experiments indicate that the structure of nanoparticle agglomerates is affected by short-range interactions between the ligand shells. 30 Recently, using a combination of experiment and computer simulations, we demonstrated that the agglomeration of smaller hexadecanethiol-coated gold nanoparticles is driven by the ordering of the ligand shell, while for larger particles the van der Waals (vdW) attraction between the cores becomes strong enough to drive agglomeration before the ligands order. 31 This transition from shell-to core-dominated agglomeration was shown to result in a nonlinear change in the interparticle spacing, and should have other important consequences.
Here, we systematically investigate the effect of the ligand length on colloidal stability for a range of particle sizes. Naively, one may expect the stability of inorganic nanoparticles with apolar ligands to increase as the ligand shell becomes thicker and keeps the cores further apart. We show that this is only true for large particles, and that there exists an inversion in the dependence of the agglomeration temperature on the ligand length. In particular, we consider here both Au and CdSe nanocrystals suspended in decane and coated with linear alkanethiols ranging in length from 12 to 18 carbons. These two systems were chosen because they can be synthesized as size tunable spherical colloids with relatively narrow size distributions. In addition, the Hamaker constants differ considerably, allowing us to explore the role of van der Waals forces on the agglomeration temperature. We find that, for larger Au particles, the agglomeration temperature decreases with ligand length, as one would expect if agglomeration were driven by vdW attraction between the cores; for smaller Au and CdSe particles, however, the agglomeration temperature increases with ligand length, because the agglomeration is now driven by attraction between the ligand shells as they order, and longer alkane chains order at higher temperatures. Further, we show that ligand length has a strong effect on particle spacing in the core-dominated regime but only a small effect in the shell-dominated regime. were analyzed at a concentration of 2.5 mg mL −1 by in situ small angle X-ray scattering (SAXS). When fully extended, these ligands are approximately 1.78 nm, 2.28 nm, and 2.54 nm in length, respectively. The experiments were designed to be fully comparable to the experiments on particles with SC 16 shells on different cores reported previously; 31 additional details can be found there and in the experimental section. Briefly, thoroughly purified AuNPs in decane were introduced into an X-ray beam and the scattering was recorded using a large 2D detector while changing the temperature in small steps. Below a certain temperature, the particles began to agglomerate, clearly indicated by the appearance of a peak in the structure factor S(q). 32 We define the agglomeration temperature, T agglo , as the temperature at which 20 % of the particles are agglomerated. Figure 1b and Figure S1 in the Supporting Information). At this size, SC 12 -stabilized particles were too attractive to be dispersed, and the SC 16 -stabilized particles agglomerated at higher temperatures than the SC 18 -stabilized particles. This is consistent with previous observations that exchanging for longer organic ligands facilitates the transfer of gold nanoparticles from water into organic solvents.
Results and Discussion

33,34
Molecular dynamics simulations of 8.3 nm core particles in explicit n-decane confirmed that the ligand shells are mobile and disordered at the experimental agglomeration tem- The experimental core surface spacings reported in Figure 1c indicate minimal overlap between the SC 18 and SC 16 ligand shells, with the spacings close to twice the thickness of the shell around an isolated particle (see Figure S2 in the Supporting Information). This is consistent with the uniform and mobile ligand shells observed in our simulations, which should result in entropic steric repulsion between the particles as their shells start to overlap and the conformational freedom of the ligands becomes restricted.
24,31
We have calculated the core-core vdW interaction at these separations using both spherical and icosahedral models for the gold core (see Figure 1f ). TEM images indicate that the cores have substantial faceting, with some triangular facets (typical of icosahedra) visible (see Figure S3 in the Supporting Information). Our calculations show that the core-core interaction is substantially stronger when such faceted particles are oriented face-to-face than would be estimated from a spherical model. For the SC 18 and SC 16 coated cores, the interaction is roughly −1k B T agglo for regular icosahedra, not far from the −1.5k B T necessary to drive agglomeration in the limit of low particle concentration. In contrast, the experimental spacings indicate substantial compression of the SC 12 ligands, with the spacing now substantially less than twice the thickness of the shell around an isolated particle (roughly 2.6 nm versus 3.2 nm). This compression appears to be the result of stronger core-core attraction once the shells are thinner, with analytical calculations indicating a core-core vdW interaction around −2.2k B T agglo at the experimental spacing. Decreasing the ligand length in the core-dominated regime thus appears to have the same effect as increasing the particle size, 31 i.e., the vdW attraction between the metal cores becomes stronger, which eventually results in substantial compression of the disordered ligand shell.
Next, consider "smaller" gold particles with core diameters of around 6 nm. When coated with SC 16 ligands, their agglomeration in decane is dominated by the attraction that arises between the shells as the ligands cluster together to form ordered bundles like those shown in Figure 2a (the "shell-dominated regime"). 31 Our molecular dynamics simulations show that • C (bottom row), and (e) the average dihedral angle of the ligands, demonstrate that, regardless of the ligand length, 8.3 nm AuNP agglomerate before the ligands order (the experimental agglomeration temperatures are indicated by large crossed symbols). The scheme at the bottom left shows the definition of the dihedral angle φ and the dashed line is a guide to the eye. In the snapshots, decane solvent is hidden for clarity. (f) Analytically estimated core-core vdW interaction at the experimental particle spacings for 8.3 and 8.9 nm AuNPs. The values are substantially higher for icosahedral cores oriented face-to-face than for spherical cores. Error bars for the icosahedral case represent confidence intervals (see Methods for details). the temperature at which the ligands order depends strongly on ligand length: longer ligands order at higher temperatures for the same 5.8 nm core diameter, as shown in Figure 2b . This is consistent with previous studies of ligand behavior in the absence of solvent, [21] [22] [23] 25 and reflects a change in the balance between chain energy and entropy that is also seen in the tendency of longer alkanes to freeze at higher temperatures. Consequently, our simulations predict that smaller particles coated in longer ligands will agglomerate at higher temperatures, the exact opposite of the trend found for larger particles.
Experiments with 6 nm AuNP in heptane are consistent with these predictions. 35 In particular, the experimental agglomeration temperatures, indicated by the crossed symbols in Figure 2b , increased with ligand length in a way that correlates with the increase in the ligand ordering temperature. Moreover, our simulations indicated that the ligands are ordered at the experimental agglomeration temperatures in all cases (see Figure 2a ). Note that the experimental results in this case are for particles in heptane rather than decane, which probably offsets the small difference in core diameter.
Based on our results, we propose the following rule for the ligand-dependent colloidal stability of apolar nanoparticles covered in linear alkyl ligands: "Long ligands stabilize larger core-dominated particles and destabilize smaller shell-dominated particles." This rule is not restricted to AuNPs. As we show in Figure 3 , the agglomeration of cadmium selenide particles (CdSeNPs) with 5.8 nm diameter cores in decane is shell-dominated, with a temperature-dependent stability that follows the same trends as shell-dominated AuNPs.
Experimentally, the agglomeration temperatures increased with ligand length (see Figures 3a and 3b), consistent with the trend in ligand ordering temperatures predicted by simulation (see Figures 3d and 3e) . Moreover, the simulations indicate that the ligands order prior to particle agglomeration.
The experimental CdSeNP spacing is consistent with the ligands ordering prior to agglomeration, with a mean value close to, and in most cases smaller than, the length of one extended ligand (Figure 3c ). At the coverage that we measured experimentally, this close Recently, an alternative explanation has been offered for particle spacings close to one ligand length in assemblies of 2 nm to 5 nm CdSe particles coated with alkylamine ligands.
37
Simulations in the absence of solvent indicated ligand shell collapse, with the majority of ligands wrapping around the core rather than extending out from it. While this type of ligand collapse may be possible on small particles at low surface coverage in poor solvents, our simulations in decane do not show such behavior. Even at only 70% of our measured coverage, the ligands form distinct ordered bundles that tilt with respect to the particle surface, but do not wrap around it (see Figures S7 in the Supporting Information, 3d, and 3f), resulting in an average ligand shell thickness considerably more than half a ligand length ( Figure S8 in the Supporting Information).
Thus, while we do not expect drastic changes in the ligand shell geometry for the range of ligand shell densities encountered here, we note that even small differences in the ligand coverage affect agglomeration temperatures. Our experimental results show that the agglomeration of CdSeNPs is sensitive to the ligand concentration in solution (see Figure S6 in the Supporting Information), and our simulations show that the ligands order at lower temperature when the surface coverage is reduced from 5.5 ligands nm −2 to 3.6 ligands nm The agglomeration of much larger silica particles also appears to be shell-dominated. The temperature-dependent stability of 72 nm and 246 nm diameter silica particles with similar (stearyl alcohol with 18 carbon atoms) ligands was studied previously by van Blaaderen and Bonn, who used non-linear optical spectrometry to identify the order-disorder ligand transition. 38 They detected agglomeration ("gelation") via increased optical scattering at a temperature close to the molecular transition. Using a spherical model, we estimate that the attractive vdW interaction between silica cores in a general hydrocarbon medium will not be strong enough to induce room temperature agglomeration until a diameter of around 500 nm if the particles are coated with SC 18 ligands. This is due to the low Hamaker constant of amorphous silica (0.41 eV), which is not much higher than that of typical organic solvents. Core materials with similarly low Hamaker constants are likely to exhibit the shelldominated behaviour we have described above for different ligand lengths, even at very large diameters. On the other hand, CdSe particles are likely to exhibit a crossover to coredominated agglomeration at a similar diameter to Au particles (i.e. around 8 nm) due to their significant dipole moments.
Conventional colloid theory, as represented by Khan et al., 26 predicts the right trends for the agglomeration temperature and interparticle spacing in the core-dominated regime, but fails completely in the shell-dominated regime (see Figure 4) . Even for the core-dominated case, the predicted particle separations are larger than those observed experimentally. We conclude that improved models will need to account for temperature-dependent transitions in the ligand shell and provide a more accurate description of the core shape and the compressibility of the ligand shell in different states.
Our results also differ in important ways from simulation studies of particles interacting without a solvent. In the absence of solvent, the interaction between the particles is strongly attractive irrespective of whether the ligands are ordered or disordered, 24,31 and chain length seems to have a negligible effect on the particle spacing for gold cores ranging from 2 nm to 9 nm in diameter and ligands lengths ranging from 4 to 12 or 9 to 19 carbons. [39] [40] [41] [42] In contrast, we find that in good solvents both the particle interaction and spacing depend strongly on the ligand length, with very different effects depending on particle size. 26 The predicted potentials are incompatible with our experiments and simulations.
Conclusions
The effect of ligand length on the colloidal stability of apolar metallic and semiconducting nanoparticles depends strongly on core size. Our experiments and simulations consistently showed that the relationship inverts when the agglomeration changes from core-to shelldominated. In the core-dominated regime, i.e. for gold cores with diameters larger than approximately 8 nm, increasing the ligand length increased the stability of the suspension by extending the range of repulsion between the disordered ligand shells, thereby reducing the vdW attraction between the cores. In contrast, the colloidal stability of particles with smaller cores in the shell-dominated regime increased for shorter ligands that order at lower temperatures. Classical theories do not account for the possibility of the ligand shell structure becoming anisotropic, or its sensitivity to changes in temperature and solvent nature, and therefore fail to predict colloidal stability.
Our results also indicate that it is insufficient to simply consider the core/shell ratio when seeking to understand the effect of the ligand length on particle stability to agglomeration.
Increasing the core size always decreases colloidal stability, whereas increasing the ligand length can either increase or decrease colloidal stability depending on whether the particle is in the core-or shell-dominated regime.
More generally, our results show that even small changes in the ligand length can significantly affect the free energy balance between the disordered and ordered ligand states. This is especially relevant for particles that fall in the shell-dominated regime. We expect that other changes to the ligand structure, such as the presence of double bonds or branches, will also strongly affect particle stability to agglomeration by modifying the relative free energies of the ordered and disordered ligand states. This may help explain other intriguing results in the recent literature, 43, 44 and further studies are currently underway.
Methods
All chemicals were obtained from Sigma Aldrich (unless noted otherwise) and used without further purification. Note that all methods were chosen to provides samples that are as comparable as possible to the data published previously.
31
Nanoparticle synthesis
Gold nanoparticles (AuNP) with core diameters of 8.3 nm and 8.9 nm were synthesized as before using a modified protocol based on the method of Wu and Zheng. 
Nanoparticle characterization
Small Angle X-ray Scattering (Xenocs Xeuss 2.0) and Transmission electron microscopy (JEOL JEM 2010) were used to measure the core size of the NPs as previously described.
31
Scattering data from SAXS was analyzed using SASfit (Version 0.94.6, Paul Scherrer Institute) and TEM micrographs were analyzed using ImageJ distributed by NIH (Version 1.45s) Table 1 : AuNPs used for this study, with diameters obtained from transmission electron microscopy and small angle X-ray scattering.
8.5 nm ± 7.1 % 8.3 nm ± 6.7 % Au02 8.9 nm ± 8.5 % 8.9 nm ± 6.8 % CdSe 5.8 nm ± 7.1 % 6.0 nm ± 9.6 %
Ligand exchange
AuNPs. Ligand exchange on AuNPs was performed as described previously. 46 AuNPs coated with oleylamine were heated to 80
• C and an excess of required alkanethiol was added.
After stirring for further 10 min, the particles were purified and redispersed in decane (≥ 95%). 
Thermogravimetric analyses
Thermogravimetric analyses were performed using a Netzsch STA 449 F3 Jupiter. The measurements started at room temperature and run until 800
• C. The heating rate was kept at 10 K min −1 . All measurements were done under an inert atmosphere. Figure S4 shows representative TGA data of 1-hexadecanethiol coated AuNP with a core diameter of 8.9 nm.
Small-Angle X-ray Scattering
Experiments were performed using a Xeuss 2.0 from Xenocs SA (Grenoble, France) equipped with a copper K α X-ray source and a PILATUS 1M detector from DECTRIS (Baden, Switzerland).
To prevent solvent evaporation during the measurements, the samples (usually a quantity of 20 µl to 40 µl) were filled into glass capillaries (diameter of 2 mm), which were then sealed with epoxy.
For each measurement, the samples were introduced into a temperature controlled sample holder (Omega CN8200), Peltier-controlled with a temperature range between −20
• C and 120
• C. The measurements started at high temperature to ensure a fully deagglomerated state. Afterwards the temperature was first decreased and later increased in 5
• C steps. At each step, the samples were first equilibrated (20 min) followed by an acquisition (10 min).
Experiments with time-dependant observation of the agglomeration process as shown in figure S5 were used to ensure that most particles that had lost colloidal stability at this temperature had agglomerated before the next temperature step was taken. Data treatment was carried out as described previously.
31,48
Molecular dynamics simulations
The nanoparticles were modeled as spherical cores covered in alkanethiol ligands of various lengths (−S(C n H 2n+1 ), n = 12, 14, 16, 18) and immersed in explicit n-decane solvent. Both group being represented by a single particle. These particles interacted with one another according to the 12-6 Lennard-Jones (LJ) potential, with parameters as used and described previously. 24 Bond stretching, bond bending, and dihedral torsion terms were also considered within each molecule. 50 The interaction between the CH x groups and the cores was efficiently modelled using a 9-3 LJ potential, using the parameters in Table 2 . Systems containing approximately 150,000 (5.8 nm cores) to 350,000 (8.3 nm cores) united atoms were investigated using molecular dynamics (MD) simulations with periodic boundary conditions. All simulations were performed using the LAMMPS simulation package. 52 Individual NPs in explicit decane were initially equilibrated at constant volume at a temperature sufficiently high to ensure that the ligands were in the disordered state (e.g., 400 K). During this run, the periodic simulation cell was slowly compressed until the solvent density far from the NP core was equal to the experimental density of pure decane at the corresponding temperature. Subsequent constant temperature runs were performed at a pressure of 80 atm, using a Nosé-Hoover thermostat and barostat, which yielded bulk solvent densities within 1 % of experimental values. The particles were first equilibrated for 9 ns to 14 ns at temperatures ranging from 245 K to 330 K, before 1 ns production runs were performed. Molecular graphics were produced using Visual Molecular Dynamics (VMD).
53
Calculation of core-core interaction
The vdW interaction between pairs of 8.3 nm and 8.9 nm gold cores in a hydrocarbon medium was estimated at the experimental particle separations using Hamaker-Lifshitz theory. Both spherical and icosahedral shapes were considered for the cores. For the spherical case, the interaction was calculated analytically using equation 1, where A is the reduced Hamaker coefficient (we used a value of 2 eV) ands is the rescaled spacing between the interacting particles (center-to-center distance divided by their core diameter). For the icosahedral case, the interaction was calculated using a coarse-grained atomistic representation, with 4087 interaction sites per particle and all interaction pairs included in the summation. Only the face-to-face relative orientation was considered, which should give the strongest interaction. Confidence intervals were estimated by placing the spherical interaction sites either completely inside or centered on the surface of the icosahedra and extrapolating to a fully atomistic representation. 
Supporting Information
On the colloidal stability of apolar nanoparticles:
The role of ligand length • C (bottom). Even at low coverage, the ligands extend in bundles on the surface of the particle towards the decane solvent. (b) Average dihedral angle for the ligands. The transition from less to more ordered is broader and shifted down by approximately 40
• C compared to when the surface coverage is 5.5 nm −2 . Figure 8 : Radial density distributions for the decane solvent and for ligands of different lengths coating 5.8 nm CdSeNP, at a surface coverage of 3.6 nm −2 , plotted as a function of the distance r from the center of the nanoparticle core. The red lines indicate the density profile at the ligand ordering temperature T order for each particle.
